The initiation of explosion by impact by Fedor, Anthony J.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1963
The initiation of explosion by impact
Anthony J. Fedor
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Chemical Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Fedor, Anthony J., "The initiation of explosion by impact" (1963). Theses and Dissertations. 5032.
https://preserve.lehigh.edu/etd/5032
. ;,/,,', ., 
THE INITIATION OF EXPLOSION 
BY IMPACT 
by 
Anthony J. Fedor 
A Thesis 
Presented to the Graduate Faculty 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
Lehigh University 
Bethlehem, Pennsylvania 
1963 
---·------------
j 
·j 
CERTIFICATION OF APPROVAL 
This thesis is accepted and approved in partial 
fulfillment of the requirements for the degree of Master 
of Science. 
~ 
(Head of the Department) 
ii 
\ 
;, 
' 
------
---
ACKNOWLEDGEtmNTS 
The author is grateful to Dr. M. P. Moyle for his 
helpful suggestions and criticisms. 
The author would also like to express his deep ap-
preciation for the connnents contributed by his fellow 
students and to the United States Air Force for their 
financial support in this program. 
iii 
'·, 
TABLE OF CONTENTS 
I Abstract 
II Introduction 
III Theory 
IV Equipment 
A. Drop Weight Tester 
B. Atmosphere Box 
C. Temperature Control Circuit 
D. Properties of Materials Used 
V Experimental Procedure 
A. Calibration 
B. Test Procedure 
VI Discussion 
VII Bibliography 
VIII Appendix 
Tables 
I Calibration 
,. 
II Measurements of 0-Rings and 
Diaphrams 
III Experimental Data 
Vita 
iv 
PAGE 
1 
2 
7 
11 
11 
15 
15 
17 
20 
20 
22 
25 
33 
34 
34 
35 
36-52 
53 
I 
I ' I I 
TABLE OF CONTENTS (cont'd) 
Figures: 
1 Drop Weight Tester 
2 Sample Cup Assembly 
3 Parts of Sample Cup Assembly 
4 Atmosphere Box 
5 Cooling Curves 
6 Calibration Curve 
7 Energy vs Oxygen Concentration 
Tables: 
1 Effect of Heat Capacity Ratio on 
Efficiency 
2 Effect of Heat Capacity Ratio on 
Efficiency 
3 Effect of Chemical Reactivity on 
Efficiency 
12 
13 
14 
16 
18 
21 
30 
25 
26 
27 
4 Temperature Increased Due to Compression 28 
V 
( 
·.,,·.' .. , ... ,··;. 
I. ABSTRACT 
This program was designed to study the effect of 
oxygen concentration on initiation of explosives and to 
try to obtain a better understanding of the effect of 
heat capacity ratio on initiation. 
-1-
Three binary gas mixtures; helium - oxygen, nitrogen -
oxygen, Freon 12 - oxygen and one ternary mixture helium -
oxygen - Freon 12 were studied with normal propyl nitrate. 
The Olin Mathieson Drop-Weight Tester developed by 
Technoproducts, Inc. was used for the testing and testing 
procedure #4 of the JANAF Test Methods (7) was followed. 
Although the heat capacity ratio does have an effect 
on the initiation of explosion it is apparent from the 
results of this program that the true adiabatic compression 
formula can not be used as a firm criteria. 
Oxygen concentration has a definite effect on initia-
tion up to 21 mole per cent oxygen; ~urther increase in 
oxygen concentration does not increase initiation to any 
degree. The absence of oxygen in the gas greatly lowers 
the sensitivity of the explosive. 
. I 
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II. INTRODUCTION 
For many years impact testing has been a method for 
classifying materials that decompose exothermically a
c-
' 
cording to their explosive sensitivity. Most impact 
testers, in the past, failed to be reproductive mostl
y 
because of insufficient confinement of the sample and
 
failure to confine a gas volume in the sample cavity
. 
I 
The Olin-Mathieson Drop-Weight Tester has been 
developed by the Olin Mathieson Chemical Corporation 
in 
cooperation with the Committee on Monopropellant Tes
t 
Methods and has been accepted by the Committee as a 
recommended test instrument. The advantages attribut
ed 
to this test instrument are: 
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1.) Safe - convenient laboratory tool for determining 
the safety of handling new or unknown materials. 
2.) Rapid - a complete determination can be made 
in one hour or less. 
3.) Inexpensive - low cost per test. 
4.) Simple Installation - no special mount required. 
5.) Adaptable - adaptable for testing solids, slurries 
artd liquids. 
In testing liquids with a drop-weight tester it is 
assumed that initiation of the explosion is a direct 
result 
of the adiabatic compression of any entrapped gas or 
vapor 
in the sample. The process is very complex involvin
g, heat 
transfer, thermodynamic gas properties, degree of pre
ssur-
ization, ratio of gas to liquid, and hydrodynamic pro
perties. 
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With all pf these variables it is easy to see why impact 
testing does not adequately serve as an absolute criterion 
for distinguishing sensitivity of materials. 
Although the subject is quite complex many attempts 
have been made to better understand the theory behind 
impact testing. A great deal of scientific evoluation 
was done during and irmnediately after World War II, mostly 
by British investigators. (5) (6) (12) (13) The impact -
initiation process occurs within an interval of the order 
of magnitude of 10-4 seconds. (10) The process can be 
divided into three parts: 
(a.) the initial delay before a visible reaction; (b.) 
the slow flame stage (propagation velocities of 10-50 m/sec.); 
(c.) explosion. The explosion may propagate at velocities 
of several meters per second or it may be a form._of low 
order detonation and propagate as high as 2 km/sec. 
Bowden (2) states that for materials which decompose 
exothermically, initiation may be brought about in the 
following ways: 
1) by h~at which raises the material to the ignition 
V( 
temperature. 
2) by impact or shock 
a) an adiabatic heating of compressed gas spaces; 
b) a frictional hot spot on the confining surface 
or on a grit particle; 
c) intercrystalline friction of the explosive 
J itself; 
~\ 
, .... ~-------.... -
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d) viscous heating of the explosive at high rates 
of shear; 
e) heating of a sharp point when it is deformed 
plastically; 
f) material reinforcement of gentle shock waves; 
3) by ulrasonic vibration; 
4) by electrons, a-particles, neutrons, and fission 
fragments; 
5) by light of sufficient intensity; 
6) by electric discharge; 
7) by spontaneous initiation of a growing crystal. 
Bowden and Yoffe (6) conclude that initiation of most 
liquid explosives by impact is due to formation of local 
hot spots rather than homogeneously throughout the body of 
the sample. The hot spots are raised to a high temperature 
by unequal distribution of the energy of impact. Experi-
ments using grit particles with melting points between 
400° and 600° C show that hot-spot temperatures of about 
500° Care necessary to initiate explosions. 
Although the exact mechanism behind the formation of 
these hot spots is not clear, Bowden (6) states that the 
hot spots result from adiabatic compression of microscopic 
gas bubbles entrapped in the liquid film during impact; the 
bubbles may exist in the liquid phase prior to impact or 
they may_J>e generated by a microscopic cavity in the striker. 
Whether the hot spot grows into a large scale explosion or 
dies out is determined by the strength of the impact, 
. . - -·-·----
---
< < 
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physical state of the system, thermodynamic properties of 
the materials and kinetics of the decomposition reaction. 
-5-
Johansson and Selberg (9) have proclaimed that the 
increase in temperature around a gas bubble due to heating 
from the compressed gas is only a fraction of that of the 
gas temperature rise. Their results would indicate that 
the explosive does not reach the ignition temperature by 
heat transmission from the compressed gas. They theorize 
that small particles or drops of the explosive are thrown 
into the hot gas and than ignite; this increases the tem-
perature sufficiently to ignite the surrounding mass of 
explosive. 
In true adiabatic compression the final gas temperature 
is a function of heat capacity ratio and compression ratio. 
Many groups of researchers have attempted to verify the 
effect of heat capacity ratio on the initiation of explo-
sion. Although some of the data obtained shows direct 
correlation with true adiabatic compression a great deal 
of the data does not. Most researchers will agree that 
oxygen concentration in the gas does have some chemical 
effect on initiation but no substantial work was found in 
the literature showing to what degree. 
In this program it was desirable to study the effect 
of oxygen concentration and heat capacity ratio on initia-
tion. The Olin Mathieson Drop-Weight Tester was used. 
Normal propyl nitrate was chosen as the liquid explosive 
to be studied because it is relatively safe to handle if 
-- - - --------~-
J 
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routine safety precautions are followed. A series of three 
binary gas systems was used: nitrogen - oxygen; helium -
oxygen; and Freon 12 - oxygen. Because of the range of the 
tester a ternary system of helium - oxygen - Freon 12 was 
also examined. The main reason for studying these partic-
ular gases was the difference in the heat capacity ratio 
of the gases. The heat capacity ratio of the gases are as 
follows: 
He 1. 660 
Nz 1.404 
o2 1. 401 
Fe-12 1.137 
From these figures it can be seen that the difference 
between helium and nitrogen, 0.256, is very close to the 
difference between Freon 12 and nitrogen, 0.267. Therefore 
a comparable effect of raising and lowering the heat capac-
ity ratio could be studied. .. 
,, 
., 
,, 
- __ - ___ - ----
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III. THEORY 
The proposed mechanisms of ignition in liquids and 
solids includes two types; tribochemical, where high pres-
sure and rapid shear cause molecular rupture and, thermal; 
where adiabatic compression of entrapped gas bubbles and 
frictional hot spots cause ignition. 
In a chemical decomposition reaction the rate of change 
for an nth order reaction occurring at T
0 absolute is given 
by t . 
dx n at= k(a - x) 
where 
a= initial concentration of reactant 
a-x = concentration at time t 
A= constant 
E = activation energy 
The initial rate of heat liberation is 
ql = AaQe -E/RT 
Q = heat of reaction 
Assume that heat will be lost by warming the reacting 
mass by conduction and convection 
q2 = K, (T - To) + l Cv(T - To) 
(cond. and 
conv.) 
q2 = K(T - T0 ) 
(self-heating) 
T - T0 = temp excess of explos
ion over 
surroundings. 
·-:.l;' .. ·-:-:=.:.:..:=-=:=-------- ·--
J 
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ql = q2 at Tl 
AaQe-E/RT = K(Tl - T0 ) 
K - AaQEe -E/RT 
- R T 2 
1 
It was found that the value of K calculated by this 
equation corresponds to the thermal conductivity. Therefore 
it can be concluded that the explosion produced during 
heating is thermal. This type of reasoning can be found 
in Bowden and Yaffe. (6) 
If this reasoning is correct than adiabatic compression 
of entrapped gases is a major cause of initiation in liquids. 
The temperature rise due to the compression ratio and heat 
capacity ratio is found from 
t- I 
" 
C 
where l = f 
V 
T = temperature 
P = pressure 
Cp = heat capacity canst Press. 
Cv = heat capacity const Vol. 
Heat capacity is a function of molecular structure, for 
simple molecules, He, etc., it is large and for more complex 
molecules, Freon 12, etc., it is small. 
The physical model describing the drop weight tester 
in which a spherical gas bubble is innnersed in a body of 
. ,._.,;.' ·~.,; .. ,.,.-, ' 
incompressible fluid was taken from unpublished work 
by 
Ahlert. (1) The assumptions include (1) intimate, uniform 
contact at the liquid-piston interface, (2) zero leakage at 
the peripheracy of the piston, and (3) zero friction coeffi-
cient between the piston and the inner surface of the
 sample 
cavity. The compression test consists of dropping a 
striker, 
of known weight, from a prescribed height, onto an o
bject 
piece containing a piston. The striker and object piece are 
alligned perfectly with respect to a common axis whic
h is, 
in turn, coincident with the axis of the sample cavi
ty. 
The striker (Ms) is raised to a height (H) above the 
upper surface of the object piece. The striker potential 
energy is given by 
Ep = MsgH 
From an energy balance 
Ep = Ek 
where Ek' the kinetic energy is. expressed as 
Ek = 1/2 Ms Vs 
2 
Vs= J2gii', velocity of the striker 
If the process is elastic, both kinetic energy and 
momentum are conserved. A pair of equations can be w
ritten 
to describe the event. 
Ms Vs= MoVo' + MsVs' 
Ms(Vs)2 = Mo(Vo')2 + Ms(Vs')2 
The initial velocity of the object piece (M) is zero; 0 
the acceleration is assumed instantaneous and primes 
desig-
nate conditions after the impact . 
-10-
If the process is purely inelastic the two bodies move 
as a unit mass subsequent to the collision, thus 
MsVs = (M0 + Ms)V' 
With this type of reasoning a variety of expressions 
can be developed to obtain various differential equations 
describing the event. These equations can be solved to 
determine temperature and pressure histories with chemical 
reaction rate data. 
-11-
IV. EQUIPMENT 
A. DROP WEIGHT TESTER 
The Olin Mathieson Drop-Weight Tester, model 830-700, 
that was used was supplied by the Air Force. The tester, 
Figure 1, is a 1960 model and in good operating condition. 
The sample to be tested is confined in the cavity formed 
by a steel cup, a rubber 0-ring, and a steel diaphragm, 
Figure 2. A piston that has a vent hole which is blocked 
by the diaphragm is placed on the diaphragm. A steel ball 
rests on the piston and all is contained in a cup retainer 
assembly. The 0-ring completely seals the cavity up to the1 ~ 
pressure necessary to rupture the diaphragm. 
A weight is dropped onto the steel ball causing an 
explosion which is indicated by a rupture of the diaphragm 
and a loud noise. The diaphragm and 0-ring are replaced 
after each test. 
The amount of gas present in the cavity has a large 
influence on test results. To overcome any fluctuation in 
results 0.03 cc of liquid sample is used in the 0.06 cc 
cavity, therefore the same amount of vapor is present in 
each test. A fixed stroke Hamilton microliter syringe with 
a Chaney Adaption is used to deliver the sample. With this 
syringe and adaption liquid discharge accuracy of 0.01°/
0 
can be achieved. 
Figure 3 shows the actual size of the different compo-
nents of the complete cup assembly. 
'I 
,( 
--~. --
FIGURE l 
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CAP 
PISTON 
0-RING 
DIAPHRAGM 
FIGURE 2 - SAMPLE CUP ASSEMBLY 
-· ---_:: ·-_------- --
f' 
1 Syringe 
2 Body 
3 Cup 
4 0-Ring 
FIGURE 3 
5 Diaphragm 
6 Piston 
7 Ball 
8 Cap 
-14-
:_ -----__ ------- -~-~-
-15-
B. ATMOSPHERE BOX 
An atmosphere box, Figure 4, was used for filling the 
sample cup assemblies under the various gaseous atmospheres. 
The box is constructed of 3/4" plywood and has two compart-
ments. The main compartment which is used for filling the 
cup assemblies is fitted with rubber sleeves a.nd has a 
window across the entire top. The smaller compartment is 
used as an evacuation chamber with an access door on either 
side for entering the main compartment with a minimum waste 
of gas. Weather balloons are mounted in each compartment 
and are used as positive displacement devices. The balloons 
are blown up with compressed air until they cover almost all 
crevices in the inside of the box; then fresh gas is admit-
ted directly to the box from a premixed tank. The entire 
box is designed to operate under a slight positive pressure 
(1-2 in. of water) to insure that no air enters the system. 
C. TEMPERATURE CONTROL CIRCUIT 
A temperature control circuit was installed in the 
atmosphere box to maintain the cup assembly and sample at 
69°F. The temperature control circuit consists of an oil 
bath, containing Hy-Vac vacuum pump oil. This oil was used 
because of its extremely low vapor pressure. The oil bath 
was placed in the inside of the main compartment of the 
atmosphere box and an ice bath placed on the outside of the 
box. The oil is circulated through a coil in the ice bath; 
a copper tray, innnersed in the oil bath, receives each cup 
assembly snugly. 
FIGUBE 4 
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In order to establish how long the cup assemblies must 
be held in the bath, time-temperature histories were deter-
mined by placing a thermocouple inside the cup assembly. 
The results are shown in Figure 5. Approximately twenty-
five minutes are required to bring the cup assemblies to 
69°F, when the oil bath temperature is held at 65°F. 
It was advantageous to obtain the correct handling 
procedure for the cup assemblies after taken out of the 
bath. Time-temperature histories were determined for 
three handling procedures to evaluate this problem. The 
first procedure was to stand the assembly in the room which 
was at 77°F; the rate of temperature rise was found to be 
0.1°F/min. The second procedure was to grasp the cup 
assembly by the cap between the thumb and index finger; the 
rate of temperature change in the cup increased to 0.7°F/min. 
Finally the cup assembly was surrounded firmly in the palm 
of the hand; the rate of temperature change of the cup 
increased further to 2.3°F/min. 
Approximately 30 ml. of liquid sample was placed in a 
SO ml. flask which in turn was placed in one of the slots 
in the _copper tray. Twenty-five minutes were required for 
the sample to reach 69°F; 67°F being the minimum temperature 
it finally reached. The flask was kept in the tray at all 
times except when used. 
D. PROPERTIES OF MATERIALS USED 
3 kg. of N-propyl nitrate was purchased from Eastman 
Organic Chemicals. The n-propyl nitrate was purged with 
i·?'· ........... - ·-·:::·--· . .. .. - -- . .. . 
i ... ···-· .. -- --·· ------------------
t.1 : 
40 
35 
30 
,-.. 
. 
i:: ~ •r-l 
~ 25 
-Q) 
El 
•r-l 
E-1 
20 ~ 
15 
10 
5 
68 70 
I 
I 
I 
Cooling Curves 
__... 
X 
® 
A 
72 74 76 
Temp. (°F) 
-18-
Fig. 5 
Assembly Taken 
Out of Bath 
Cap Held By 
Finger Tips 
Sitting At Ambient 
Temp. 77°F 
Liquid Sample 
78 80 82 
1( 
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99.9960/0 minimum purity nitrogen for ten hours. A blanket 
of nitrogen was placed over the liquid. The purging was 
done to make sure no oxygen bubbles would be in the liquid. 
The gases were obtained from the Matheson Company. 
f"-Helium: Commercial grade 
99.99o/o minimum purity 
Nitrogen: Extra dry grade 
99 80/0 , , • . minimum purity 
Oxygen: Extra dry grade 
99 50/0 , , , . minimum purity 
Freon-12: 99 90/0 , , . . minimum purity 
The gases were not analyzed for purity. 
The cup assemblies, all components in the cup assemblies, 
tht_~~ue wrench and the syringe were purchased from 
Technoproducts, Inc. 
V. EXPERIMENTAL PROCEDURE 
A. CALIBRATION 
-20-
The standard procedure for calibration of the instru-
ment is to determine the energy required to cause hydraulic 
rupture of the diaphragm. A 50o/o probability point is 
determined for the water rupture value by the same procedure 
used in propellant testing. The water rupture value estab-
lishes an upper operating limit for the apparatus since 
rupture will always occur above this point whether the 
material being tested is explosive or not. 140 kg-cm has 
been established for the water rupture value for the speci-
fied test conditions. In actual testing, this value is 
arbitrarily reduced by 85o/o to 120 kg-cm so that positive 
identification of a rupture or an explosion is possible. 
Our instrument was calibrated according to the standard 
procedure. The data obtained are shown in Table I of the 
Appendix. The data are plotted in Figure 6 as height versus 
kilogram for a hydraulic rupture. The rupture value ob-
tained (near 108 kg-cm varies from 108.1 to 108.5 over the 
range plotted) is seen to be substantially lower than the 
data shown in the JANAF Test Methods #4. With a rupture 
value of 108 kg-cm, the upper limit for testing would be 
92 kg-cm. 
To try and determine the reason for this low hydraulic 
rupture value the 0-rings and diaphragms were measured on an 
optical comparator machine. The results are listed in 
Table II in the Appendix. From these results there is no 
40 
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substantial evidence that faulty 0-rings and diaphragms 
were being used. A possible answer to the low rupture value 
could be that the manufacturer has changed the grade of 
metal in the diaphragms. 
B. TEST PROCEDURE 
Tests were run in accordance with the procedure recom-
mended by the JANAF Panel, Test #4, page 4. 
Step 1 
Clean all components of cup assembly with acetone 
and wipe dry with soft tissue. Vent holes must be 
kept clean. 
Step 2 
Set required weight and height on impact tester. 
Step 3 
Place 0-ring in the bottom of the cup and make 
sure it is seated firmly. 
Step 4 
Carefully inject 0.03 cc of liquid sample into 
the cavity with fixed stroke syringe. 
Step 5 
Slide a diaphragm across top surface of cup so 
that it drops flat onto the 0-ring. 
Step 6 
Place piston in the cup. 
Step 7 
Place cup in therbody. 
-23-
Step 8 
Place the ball on top of the piston. 
Step 9 
Screw the cap on the body and tighten with torque 
wrench to 7 inch - pounds. 
Step 10 
Place body in retainer of the impact tester. 
Step 11 
Release the weight and record the result. 
Step 12 
Discard diaphragm and 0-ring and clean as in 
Step 1. 
The energy required for initiation of explosion is not 
a sharply defined point with the impact tester. The occur-
rence of explosion should follow a normal distribution over 
the range of energy levels. 
The usual practice is to give the sensitivity value of 
a sample a mean value, or the point of Soo/o probability of 
explosion. The so0 1° point (E50) can be determined accu-
rately, and the testing procedure is based on an established 
stastistical method (knpwn as the "Up and Down" method) for 
obtaining E50 with a minimum number of t
ests. The so0 1° 
point is bracketed by changing the energy with the weights 
after each test; increasing the weight if the test was 
negative, and decreasing the weight if the test was postive. 
Drop heights of 10 and 20 centimeters were used. When 
a minimum of 20 tests had been made, the so
0 / 0 point was 
,;;··r .. • 
r=---=-····· - --~-j' - ------ ·.---,~~.~:.==-----.--------
! 
computed by a simple statistical analysis of the distri-
bution of the test results. This simple calculation is 
computed on page 36. 
-24-
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VI. DISCUSSION 
The complex nature of the initiation process in the 
standard impact tester has been pointed out previously. 
Variables which are believed to have a profound effect upon 
the initiation process include the thermodynamic and chem-
ical properties of the entrapped gases, and the temperature 
increase of the gases during compression. 
The data presented in Table 1 below show the effect 
of heat capacity ratio on explosion efficiency of nitro-
glycerin. 
TABLE 1 
Effect of heat capacity ratio on explosion efficiency. 
(ll) Eff _ Positive Tests 
- Total Tests 
STRIKER WEIGHT 
HEIGHT 
INITIAL PRESS 
cm. hg. 
60 
35 
30 
25 
60 
12 
2 
15 
14 
12 
10 
5 
35 g 
22 cm 
GAS 
EXPLOSION EFFICIENCY 
He Hz 
"'100% "'100% 
85 80 
55 25 
40 10 
Nz Hz 
"'100 "' 100 85 35 
"' 
0 "' 0 
N2 02 
so 70 
25 55 
10 40 
10 15 
I'\,. 15 "' . 15 
' > 
·' 
' 
-;,,/: 
r-~----- --- -. -·-·-----~:-----:--- -·--- --
,,,, 
' 
' }:' 
l(' 
,, 
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The degree of accuracy of the instrument used, prevents 
the results of one series, while self consistent, to be 
quantitatively compared with the results of another series. 
Although it is difficult to make a comparison of the four 
gases used, certain trends are obvious. Helium is more 
sensitive because of its larger heat capacity ratio, looking 
at the adiabatic compression equation, and the high sensi-
tivity of oxygen can be attributed to its chemical reactivity. 
On comparing N2 and Hz it can be seen that N2 is more 
sensitive although the heat capacity ratio of the two gases 
are almost equal, 1.404 and 1.410 respectively. The expla-
nation possibly lies in the fact that hydrogen has a thermal 
conductivity seven times as great as nitrogen. 
Bowden et. al. (3) also present data on explosion 
efficiency of various gases using nitroglycerin. This data 
is presented in Table 2. 
TABLE 2 
G S 
INITIAL PRESS AIR Nz Hz ETHER 
cm. h 
76 90% 88 24 
10 85 so 44 0 
3.5 85 so 15 
It appears that the explosion efficiency of N2 and Hz 
are lower than air although their heat capacity ratios are 
approximately equal. It is apparent that heat capacity alone 
is not the only governing variable but oxidizing properties 
and thermal conductivity also play an important role. 
-{ 
! 
;' 
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The data shown in Table 1 and Table 2 indicate that the 
chemcial nature of the gaseous atmosphere affects the ex-
plosion efficiency. This is quite plausible; in the case 
of oxygen; one would expect the reactivity to be greatly 
enhanced by the oxidation powers of pure oxygen at high 
temperature as compared to relatively inert gases. To 
further test this theory, Bowden et. al. (4) measured 
impact sensitivity under inert and reactive gaseous atmos-
pheres. These data are shown in Table 3 below. 
TABLE 3 
Effect of chemical reactivity on the explosion effi-
ciency of nitroglycerin films between flat surfaces. 
LOAD 
gm 
HT. 
cm. 
ENERGY 
gm-cm 
EFFICIENCY (o/o) CO2 
180 
40 
20 
15 
3600 
600 
100 86 80 30 10 
94 5 
It is seen that the effect of the bubbles with the 
inert gas, nitrogen, in increasing the sensitivity to impact, 
is very much smaller than air, oxygen, or nitious oxide. 
The authors (4) suggest that the action is not a purely 
physical one but that the oxidizing chemical action of the 
gas plays some part. Bubbles of carbon dioxide are rela-
tively inefficient in producing explosions probably due to 
their high solubility in nitroglycerin. It is interesting 
to note that air is more sensitive than pure oxygen according 
to these results. No apparent explanation is given by the 
authors. ( 4) 
le;_-~-- .. . ===--~-~~ •· 
I 
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Johannson (8) has performed calculations to show that 
the increase in temperature of the explosive during compres-
sion is only a fraction of the increase in temperature of 
the entrapped gas. Johansson calculated the t~mperature 
increase of the wall due to sudden increases in air temper-
ature produced by rapid compression to P atmospheres 
neglecting heat transfer by convection. These results are 
shown in Table 4 below. 
TABLE 4 
Temperature increase of the wall due to sudden increase 
in air temperature. 
P ~atm) 5 50 500 
Ta (oC) 170 560 1180 
Tw (oC) 3 25 160 
These data suggest that the bulk explosive is not 
ignited but that air inclusions containing small particles 
or drops, their membranes, convex parts, or fibers projecting 
into the air from an uneven wall are the cause of ignition. 
This hypothesis is not inconsistent with the theory of 
adiabatic compression of minute gas bubbles. 
Experimental runs were made to test the theory of the 
drop weight tester. 
Acetone was used to clean the cups and pistons after 
each test. If a test was positive a black film was depos-
ited on the cups and pistons. When helium and nitrogen 
were being tested this black film was easily removed by 
wipi9~ with a clean tissue but when Freon 12 was tested the 
-29-
black film that was deposited could not be wiped off, and 
acetone had no effect. The explanation to this could be in 
the chemical properties of Freon 12. Although it is inert, 
at extreme temperatures Freon 12 will attack most metals. 
It was not difficult to determine whether a test was 
positive or negative. The steel diaphragm was not ruptured 
during a negative test and the normal propyl nitrate remained 
in the cavity. On a positive test the diaphragm was rup-
tured, the 0-ring was burnt to some degree, and a definite 
odor was present. The only exceptions were tests in which 
the diaphragm was not ruptured but the 0-ring was burnt and 
the normal propyl nitrate was completely decomposed. The 
cap to the cup assembly was jarmned during these tests, due 
to pressure built up in the sample cup, and to remove. it a 
wrench had to be used. These tests were recorded as positive 
tests. 
The results of this program can be seen in Figure 7. 
It was stated previously that the effect of heat capacity 
ratio and oxygen concentration on initiation was to be 
studied. From Figure 7 both of these phenomenon can be 
observed. 
The bottom curve represents a helium-oxygen mixture. 
Pure helium has a so0 1° point of 60.8 kg-cm and steadly 
drops in energy as the oxygen concentration is increased 
until it reaches 21 mole per cent oxygen. At 21 mole per 
cent oxygen the sensitivity figure levels out and almost 
remains constant up to 50 mole per cent oxygen concentration. 
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A similiar curve was obtained using nitrogren and 
oxygen. At 21 mole per cent oxygen the curve levels out 
as did the helium curve. A value greater than 92 kg-cm was 
observed for 4 mole per cent oxygen; thereby making it 
impossible to determine what sensitivity pure nitrogen would 
have. 
At this point Freon-12 and oxygen were examined with 
expectation of a similar curve to the two previous curves. 
But no positive result was obtained with Freon-12 even when 
the oxygen concentration was increased to SO mole per cent. 
It was desirable to know whether the Freon-12 curve 
would have a slope similar to helium and nitrogen. To 
determine this a ternary gas mixture of Freon-12, oxygen 
and helium was used. The first mixture that was tested was 
17 mole per cent oxygen, 10 mole per cent Freon 12 and 73 
mole per cent helium. For the remaining gas mixtures 
examined the same ratio of Freon 12 and helium was used, 
10/83 Freon 12 and 73/83 helium, and the oxygen concentration 
was varied. 
As can be seen from Figure 7 the ternary gas mixture 
curve has a shape very similar to the nitrogen and helium 
curves. Since the same ratio of Freon 12 and helium was 
used it can be relatively safe to assume that a Freon 12 
and oxygen gas mixture has a curve of similiar shape. 
A value of 72.85 kg-cm was obtained for a mixture of 
Freon 12 and helium with no oxygen included. With this 
result and the pure helium result it can be assumed that 
l
r::;;.~===--::::-::----:cc -,,,-- - --- -- - --- ---"--
. fl' 
... 
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pure nitrogen and pure Freon 12 also cross the ordinate at 
zero per cent oxygen. 
The explanation to the fact that Freon 12 is so 
unsensitive could lie in such things as difference in 
thermal conductivity, density and other physical properties 
besides the heat capacity ratio. Another possible expla-
nation could be the so called "three body effect". A 
complete explanation of the effect of heat capacity ratio 
can not be made. 
At approximately 21 mole per cent the oxygen curve in 
Figure 7 levels out to such a degree that further increase 
in oxygen does not seem to have a striking effect on 
initiation. It is possible that at approximately 21 mole 
( per cent oxygen there is enough oxygen present that complete 
combustion is taking place. From this conclusion it is 
apparent that air contains enough oxygen for complete 
combustion with normal propyl nitrate. 
; 
-'} 
' 
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VIII. APPENDIX 
TABLE I 
Calibration Data for Drop-Weight Tester 
Temp. 69°F 
Test No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Ht. (cm) Wt. (kg) 
3.0 
3.2 
3.4 
3.2 
3.0 
3.2 
3.0 
2.8 
3.0 
3.2 
E(kg-cm) 
105 
112 
119 
112 
105 
112 
105 
35 
II 
II 
II 
II 
II 
II 
II 
II 
II 
98 
105 
112 
E50 = 108.5 kg-cm at 35 cm. 
25 4.2 105 
II 4.4 110 
II 4.2 105 
II 4.4 110 
II 4.2 105 
II 4.4 110 
II 4,2 105 
II 4.4 110 
II 4. 2 105 
II 4.4 110 
E50 = 108.125 kg-cm at 25 cm. 
20 5.4 108 
II 5, 2 104 
II 5 • 4 108 
II 5, 2 104 
II 5 • 4 108 
II 5. 2 104 
II 5, 4 108 
II 5.6 112 
II 5,8 116 
II 5, 6 112 
E50 = 108.4 kg-cm at 20 cm. 
-34-
Result 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
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, TABLE II 
a.) 0-ring Measurements taken from JANAF Book . 
. 239 ~ .005 inch I.D . 
f 
. 379 + .003 inch O.D. 
Measured: O.D. (in) I.D. (in) Thickness (in) 
1 . 3867 .2406 .0686 
2 .3870 .2393 .0693 
3 .3872 .2398 .0706 
4 .3855 .2401 .0688 
5 .3838 .2401 .0690 
6 .3858 .2379 .0712 
7 .3877 .2419 .0714 
8 .3842 .2445 .0696 
9 .3848 .2430 .0709 
10 .3845 .2384 .0717 
b.) Diaphragm Measurement taken from JANAF Book 
.015 inch thick 
.363 inch Dia. 
Measured: 
Thickness 
1 .0154 
G, .0155 .0147 
4 .0149 -
5 .0155 
6 .0146 
7 .0155 
8 .0150 
9 .0157 
10 .0155 
(in) Dia. (in) 
.3641 
.3641 
.3643 
.3638 
.3640 
.3648 
.3646 
.3640 
.3645 
.3639 
i 
i' 
r 
-·--··-· 1 · ~:,. .•• .. ·- .· ·-· -· 
TABLE III 
NPN (Normal Propyl Nitrate) 
Pure Helium 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 73°F 
Test No. Height (cm) 
Weight 
(kg) 
1 20 2.90 
2 II 2.95 
3 II 2.90 
4 II 2.95 
5 II 3.00 
6 II 3.05 
7 II 3.00 
8 II 3.05 
9 II 3.00 
10 II 3.05 
11 II 3.00 
12 II 3.05 
13 II 3.10 
14 II 3.15 
15 II 3.10 
16 II 3.15 
17 II 3.10 
18 II 3.15 
19 II 3.10 
20 II 3.05 
*Burn, smell, smoke but no rupture 
Arithmetic mean: 2 X 58 = 116 
2 X 59 = 118 
4 X 60 = 240 
5 X 61 = 305 
4 X 62 = 248 
3 X 63 = 189 
rm 
1
~66 = 60.80 
Energy 
(kg-cm) 
58 
59 
58 
59 
60 
61 
60 
61 
60 
61 
60 
61 
62 
63 
62 
63 
62 
63 
62 
61 
E50 = 60.80 kg-cm 
-36-
Result 
+ * 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
:-, 
',I 
I 
IJ 
' ,\ j 
·', 
' ,, 
t ; 
~ 
.~ 
'I 
'1 
I 
" 
" 
-37-
} 
.\ TABLE Ill (cont'd) 
NPN 
4 mole o/o o2 and He 
Sample Vol. .03 cc 
Sample Temperature 69°F 
Ambient Temperature 87°F 
Test No. Height Weight Energy 
Result 
(cm) (kg) (kg-cm) 
1 20 2.50 so 
2 II 2. 70 54 
3 II 2.90 58 
4 II 2.95 59 + l 
5 II 2.90 58 
,1 
6 II 2.95 59 + 
'j 
i 
7 II 2.90 58 1 
8 II 2.95 59 + 
9 II 2.90 58 
j 
10 II 2.95 59 +* 
11 II 2.90 58 
12 II 2.95 59 
13 II 3.00 60 
14 II 3.05 61 + 
15 II 3.00 60 
·~ } 
'a 
16 II 3.05 61 + 
; 
17 II 3.00 60 
18 II 3.05 61 + 
19 II 3.00 60 + 
20 II 2.95 59 
Eso = 59.35 kg-cm ,, 
{ 
·kBurn, smell, smoke but no rupture 
: 
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TABLE Ill {cont'd) 
NPN 
13 mole o/o o2 and He 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 88°F 
Test No. Height Weight Energy Result (cm) (kg) (kg-cm) 
1 20 2.50 so 
2 II 2.60 52 
3 II 2.65 53 + 
4 II 2.60 52 + 
5 II 2.55 51 
6 II 2.60 52 + 
!: 
7 II 2.55 51 
,! ) 
8 II 2.60 52 + :\ 
9 II 2.55 51 + 
10 II 2.50 so + 
} 
11 II 2.45 49 + 
1 
12 II 2.40 48 
! 
13 II 2.45 49 + 
3 
'! 
14 II 2.40 48 
' 
,, 
,,, 
15 II 2.45 49 + 
16 II 2.40 48 
17 II 2.45 49 
18 II 2.50 so + 
19 II 2.45 49 
20 II 2.50 so + 
• i 
1 
Eso = S0.15 kg-cm 
-·······. :-·-.:::::-_: ___ ._-----
TABLE III (cont'd) 
NPN 
17 mole o/o o2 and He 
Sample Volumn· .03 cc 
69°F 
78°F 
Sample Temperature 
Ambient Temperature 
Test No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
Height 
(cm) 
20 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
Weight 
(kg) 
1. so 
1. 70 
1. 60 
1. 65 
1. 60 
1. 55 
1. so 
1.45 
1. so 
1.45 
1..50 
1. 55 
1. so 
1. 55 
1. so 
1. 45 
1.40 
1.45 
1.40 
1. 45 
Eso = 30.15 kg-cm· 
icBurn, smell, smoke but no rupture 
Energy 
(kg-cm) 
30 
34 
32 
33 
32 
31 
30 
29 
30 
29 
30 
31 
30 
31 
30 
29 
28 
29 
28 
29 
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Result 
+ 
+ 7( 
+ 7( 
+ 7( 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
,I 
I 
l 
·l 
' ) 
,j 
!/ 
·.~ 
b 
't" 
'I i· 
ti 
,i 
' 
" 
1 ~ ~ 
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TABLE Ill (cont'd) 
NPN 
21 mole o/o o2 and He 
Sample Volumn .. 03 cc 
Sample Temperature 69°F 
Ambient Temperature 86°F 
Test No. Height Weight (cm) (kg) 
1 10 1.40 
2 II 1. 60 
3 II 1. so 
4 II 1. 45 
5 II 1.40 
6 II 1.45 
7 II 1. so 
8 II 1. 55 
9 II 1. 60 
10 II 1. 55 
11 II 1. so 
12 II 1.45 
13 II 1. so 
14 II 1. 55 
15 II 1. so 
16 II 1. 55 
17 II 1. so 
18 II 1. 55 
19 II 1. so 
20 II 1.45 
ESO = 15.02 kg-cm 
;' .. Burn, smell, smoke but no rupture 
Energy 
(kg-cm) 
14.0 
16.0 
15.0 
14.5 
14.0 
14.5 
15.0 
15.5 
16.0 
15.5 
15.0 
14.5 
15.0 
15.5 
15.0 
15.5 
15.0 
15.5 
15.0 
14.5 
-40-
Result 
+ 
+ 
+ * 
+ * 
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TABLE Ill (cont'd) 
NPN 
SO mole o/o o2 and He 
\' 
' 1
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 78.5°F 
Test No. Height Weight Energy 
Result 
(cm) (kg) (kg-cm) 
1 10 1. 35 13.5 + * 
2 II 1. 30 13.0 
3 II 1. 35 13.5 
+ 
4 II 1. 30 13.0 
5 II 1. 35 13.5 + 
6 II 1.30 13.0 
7 II 1. 35 13.5 + 
8 II 1.30 13.0 +* 
9 II 1. 25 12.5 
10 II 1.30 13.0 + 
11 II 1. 25 12.5 + 
12 II 1.20 12.0 
13 II 1. 25 12.5 
\ 
14 II 1.30 13.0 + 
15 II 1.25 12.5 
16 II 1.30 13.0 
17 II 1. 35 13.5 
18 II 1.40 14.0 
+ 7( 
19 II 1. 35 13.5 
I 
:1 
20 II 1.40 14.0 + I:, 
;; 
., 
I 
' i 
E50 = 13.10 kg-cm 1 .'I 
'.l 
'l'(Burn, smell, smoke but no rupture 
l 
l' 
1·. 
TABLE Ill (cont'd) 
NPN 
4 mole o/o o2 and Nz 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 76°F 
Test No. Height Weight 
1 
2 
3 
4 
5 
6 
7 
8 
9 
(cm) 
20 
II 
II 
II 
II 
II 
II 
II 
II 
Eso > 92 kg-cm 
(kg) 
4.6 
II 
II 
II 
II 
II 
II 
II 
II 
-42-
Energy Result 
(kg-cm) 
92 
II 
II 
II 
II 
II 
II 
II 
II 
. ! 
TABLE Ill (cont'd) 
NPN 
13 mole o/o o2 and N2 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 75°F 
Test No. Height Weight (cm) (kg) 
1 20 4.00 
2 II 4.30 
3 II 4.25 
4 II 4.20 
5 II 4.10 
6 II 4.00 
7 II 4.05 
8 II 4.10 
9 II 4.15 
10 II 4.10 
11 II 4.15 
12 II 4.20 
13 II 4.15 
14 II 4. 20 
15 II 4.30 
16 II 4.40 
17 II 4.35 
18 II 4.30 
19 II 4.25 
20 II 4.30 
E50 = 83.80 kg-cm 
-!(Burn, smell, smoke but no rupture 
Energy 
(kg-cm) 
80 
86 
85 
84 
82 
80 
81 
82 
83 
82 
83 
84 
83 
84 
86 
88 
87 
86 
85 
86 
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Results 
+ 
+ 
+ 
+ 7( 
+ 
+ 
+ -·~ 
" 
+ 
+ 
I 
- \ 
; 
'\ l 
' \ 
~ ·, 
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TABLE Ill (cont'd) 
NPN 
17 mole o/o o2 and N2 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 77°F 
Test No. Height Weight Energy 
Results 
(cm) (kg) (kg-cm) 
1 20 2.90 58 
2 II 3.00 60 +
 
3 II 2.95 59 
+ 
4 II 2.90 58 
5 II 2.95 59 
+ 
6 II 3.00 60 
+ 
7 II 2.95 59 
8 II 3.00 60 
+ 
9 II 2.95 59 
10 II 3.00 60 
+ 
11 II 2.95 59 
12 II 3.00 60 
13 II 3.05 61 
+ 
14 II 3.00 60 
+ 
15 II 2.95 59 
16 II 3.00. 60 
17 II 3.05 61 
+ 
18 II 3.00 60 
+ 
19 II 2.95 59 
20 II 3.00 60 
+ 
E50 = 59.70 kg-cm 
-45-
I( 
TABLE Ill (cont'd) 
NPN 
21 mole o/o o2 and N2 (Air) 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 
0 69.5 F 
Test No. Height Weight Energy 
Results 
(cm) (kg) (kg-cm) 
1 10 1. 60 16.0 +
 
2 II 1. 55 15.5 
3 II 1. 65 16.5 
+ 
4 II 1. 60 16.0 
5 II 1. 65 16.5 
6 II 1. 70 17. 0 +
 
7 II 1. 65 16.5 
8 II 1. 70 17.0 
9 II 1. 7 5 17.5 
+ 
10 II 1. 70 17.0 
11 II 1. 7 5 17.5 
+ 
12 II 1.70 17.0 
+ 
13 II 1. 65 16.5 
14 II 1. 70 17.0 
15 II 1. 75 17. 5 
+ 
16 II 1. 70 17.0 
17 II L 75 17.5 
18 II 1.80 18.0 
+ 
: I 
19 II 1. 7 5 17.5 
20 II 1. 80 18.0 
+ 
E50 = 16.95 kg-cm 
TABLE III (cont'd) 
NPN 
SO mole o/o o2 and N2 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 82.S°F 
Test No. Height (cm) 
Weight 
(kg) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
10 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
1. so 
1. 70 
1. 70 
1. 7 5 
1. 70 
1. 75 
1. 70 
1. 7 5 
1. 70 
1. 7 5 
1. 70 
1. 7 5 
1. 70 
1. 65 
1. 60 
1. 55 
1. so 
1. 55 
1. so 
1. 55 
E50 = 16.53 kg-cm 
Energy 
(kg-cm) 
15.0 
17. 0 
17.0 
17.5 
17.0 
17.5 
17.0 
17.5 
17.0 
17.5 
17.0 
17.5 
17.0 
16.5 
16.0 
15.5 
15.0 
15.5 
15.0 
15.5 
-46-
Result 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
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TABLE III (cont'd) 
NPN 
V 18 mole'o/o o2 and Freon 12 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 82°F 
Test No. Height Weight Energy 
Result 
(cm) (kg) (kg-cm) 
1 20 4.6 92 
2 II 
II II 
3 II 
II II 
rl 4 
II II 
II 
5 II 
II II 
6 II 
II II 
E50 > 92 kg-cm 
NPN 
21 mole o/o o2 and Freon 12 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 78°F 
Test No. Height Weight Energy 
Result 
(cm) (kg) (kg-cm) 
1 20 4.6 92 
2 II 
II II 
3 II 
II II 
4 II 
II II 
5 II 
II II 
6 II 
II II 
E.50 > 92 kg-cm 
\ 
' ,, 
', I 
TABLE Ill (cont'd) 
NPN 
50 mole o/o o2 and Freon 12 
Sample Volumn 
Sample Temperature 
Ambient Temperature 
.03 cc 
69°F 
80°F 
Height Weight 
(cm) (kg) Test No. 
1 
2 
3 
4 
5 
6 
20 
II 
II 
II 
II 
II 
Eso > 92 kg-cm 
4.6 
II 
II 
II 
II 
II 
-48-
Energy Result 
(kg-cm) 
92 
II 
II 
II 
II 
II 
_, 
TABLE Ill (cont'd) 
NPN 
10/83 Freon 12 and 73/83 H e 
Sample Volumn 
Sample Temperature 
Ambient Temperature 
Test No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
Height 
(cm) 
20 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
.03 cc 
69°F 
76°F 
Weight 
(kg) 
3. 70 
3.60 
3.65 
3. 70 
3.65 
3.60 
3.55 
3.60 
3.55 
3.60 
3.65 
3. 70 
3.65 
3. 70 
3.65 
3. 70 
3.65 
3. 70 
3.65 
3.60 
E50 = 72.85 kg-cm 
*Burn, smell, smoke but no rupture 
Energy 
(kg-cm) 
74 
72 
73 
74 
73 
72 
71 
72 
71 
72 
73 
74 
73 
74 
73 
74 
73 
74 
73 
72 
-49-
Result 
+ 
+ 
+ 
+ * 
+ 
+ 
+ 
+ 
+ 
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TABLE Ill (cont'd) 
;, 
-~ 
NPN 
:'.:-. 
,;,~ 
::0 
"< 10.5 mole o/o Freon 12, 13 mole o/o Oz and 
' 
76. 5 mole o/o H e 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 76°F 
Test No. Height Weight 
Energy Result 
(cm) (kg) (kg-cm) 
1 20 3.30 
66 + 
2 II 3.20 
64 + 
3 II 3.15 
63 + 
4 II 3.10 
62 
5 II 3.15 
63 + 
6 II 3.10 
62 
7 
II 3.15 63 + 
8 
II 3.10 62 
9 II 3.15 
63 + 7( 
10 II 3.10 
62 
11 II 3.15 
63 + 
12 II 3.10 
62 
13 II 3.15 
63 + 
14 II 3.10 
62 
15 II 3.15 
63 
16 II 3.20 
64 + 
17 II 3.15 
63 + 
18 II 3.10 
62 
19 II 3.15 
63 + 
20 II 3.10 
62 
E50 = 62.65 kg-cm 
*Burn, smell, smoke but no rupture 
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TABLE III (cont'd) 
I 
l." 
f 
" 
NPN 
10 mole o/o Freon-12,. 17 mole o/o o2 and 
73 mole o/o He 
Sample Volumn .03 cc 
Sample Temperature 69°F 
Ambient Temperature 80°F 
Test No. Height Weight 
Energy Result 
(cm) (kg) (kg-cm) 
1 20 1. so 
30 
2 II 1. 90 
38 
3 II 2.00 
40 + * 
4 " 1. 95 
39 
5 II 2.00 
40 + 
6 II 1. 95 
39 + * 
7 
II 1. 90 38 
8 II 1. 95 
39 + 
9 II 1. 90 
38 
10 II 1. 95 
39 + 
11 II 1. 90 
38 
12 II 1. 95 
39 
13 
II 2.00 40 + 
14 
II 1. 95 39 
15 II 2.00 
40 + 
16 II 1. 95 
39 
17 
II 2.00 40 + 
18 II 1. 95 
39 + .,. " 
19 II 1. 90 
38 
20 II 1. 95 
39 + 
Eso = 39.00 kg-cm 
· ·;\·Burn, smell, smoke" but no rupture 
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TABLE Ill (cont'd) 
NPN 
9. 5 mole o/o Freon 12, 21 mole o/o o2 and · 
69.5 mole o/o He 
Sample Volumn ·. 03 cc 
Sample Temperature 69°F 
Ambient Temperature 80°F 
Test No. Result Height Weight Energy 
(cm) (kg) (kg-cm) 
10 3.20 32.0 
II 3.10 31. 0 
II 3.05 30.5 
II 3.10 31.0 
II 3.05 30.5 
II 3.00 30.0 
II 2.95 29.5 
II 2.90 29.0 
II 2.95 29.5 
II 2.90 29.0 
II 2.95 29.5 
II 2.90 29.0 
II 2.95 29.5 
II 2.90 29.0 
II 2.95 29.5 
II 2.90 29.0 
II 2.85 28.5 
II 2.80 28.0 
II 2.85 28.5 
II 2.80 28.0 
1 + 7( 
2 + 
3 4 + 
5 + 
6 + 
7 + 
8 9 + 
10 11 + 
12 13 + 
14 15 + 
16 + 
17 + 
18 19 + 
20 + 
E50 = 29.63 kg-cm 
*Burn, smell, smoke but no rupture .\ ., 
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